In the present study we describe a novel mechanism by which populations, in an interplay between physiology and behaviour, can evolve adaptation to environmental extremes. Comparing Drosophila populations from different climate zones, we found diel shifts in high temperature resistance after maintenance at 25°C for several generations. Resistance changes that co-occurred with ®eld and laboratory activity of the populations are controlled by the physiological clock and appear to be a consequence of local adaptation to the thermal pro®les of the environment of origin.
I N T R O D U C T I O N
Adaptation to environmental stress, which has recently received much attention (Hoffmann & Parsons 1997; Hoffmann & Merila È 1999; Hoffmann & Hercus 2000; Dahlgaard et al. 2001) , is of increasing relevance due to anthropogenically induced environmental change (Kappelle et al. 1999; Tett et al. 1999) . The evolutionary response to environmental stress is particularly complex as environmental stress affects genetic variances and evolutionary rates and can thereby act as a potent evolutionary force (Krebs & Loeschcke 1996; Gilchrist et al. 1997; Rutherford & Lindquist 1998; Hoffmann & Merila È 1999; Bubliy & Loeschcke 2000; Hoffmann & Hercus 2000; Stanton et al. 2000) . Environmental stress may induce a stress response, including greatly elevated expression of heat-shock proteins (Hsps) (Feder & Hofmann 1999) . Recently, adaptation to environmental stress has been examined in lines from different natural populations (Gehring & Wehner 1995; Feder et al. 2000; Sùrensen et al. 2001; Zatsepina et al. 2001) and behavioural avoidance has been suggested to be important for this adaptation (Stevenson 1985; Jones et al. 1987) .
Populations of the cactophilic¯y Drosophila buzzatii, originating from different altitudes (and thereby climatic conditions), have shown behavioural, morphological and physiological differences that appear adaptive to the thermal pro®les of their respective environments Sùrensen et al. 2001 ). We have examined the possible role of circadian rhythm on heat resistance as a consequence of adaptation to high temperature in Drosophila populations.
We performed two experiments on these¯ies. First, we tested whether¯ies from each population had greater heat resistance during their active period. This was done without pretreatment to see whether the resistance was increased independent of environmental cues, e.g. increased temperature. Knock-down resistance at a high temperature was chosen because this stress resistance trait has been related to adaptation in hot climates (Sùrensen et al. 2001 ). Second, we tested whether a physiological clock controlled resistance. This was done by comparing knock-down resistance in lines after a displacement of the light/dark cycle timing (see Materials and Methods), as light is an important factor controlling the physiological clock (Tomioka et al. 1998) .
Populations of D. buzzatii used in this study came from northwestern Argentina. In March 1997, two populations were collected: a lowland population near Catamarca (28°29¢ S, 65°39¢ W; 590 m a.s.l.) and a highland population near Tilcara (23°35¢ S, 65°24¢ W; 2460 m a.s.l.). Temperatures are substantially warmer in the lowland (Sùrensen et al. 2001) . In November 1999, another lowland population, denoted Chumbicha (28°52¢ S, 66°15¢ W; 400 m a.s.l.), was collected c. 70 km south-west of the Catamarca site. After 9 generations, mass populations were generated from isofemale lines (9 from Tilcara, 35 from Catamarca and 17 from Chumbicha) and maintained at 3-week generation cycles, constant 25°C and 12/12 h light/dark cycles (Sùrensen et al. 2001 ) with lights-on in the period between 8.00 and 20.00. The populations had been maintained in the laboratory for 65 generations (Catamarca and Tilcara) and 22 generations (Chumbicha), respectively, when the assays were performed.
The warm-adapted, lowland population was active mainly during cooler periods (early and late in the day), whereas the population from the colder highland was active during the early afternoon . This observed pattern of ®eld activity was maintained in the laboratory and therefore had a genetic basis. The periods of activity correspond to favourable periods during the day in the natural habitats of origin, which suggests that these rhythmic patterns are adaptive .
In the ®rst experiment, we measured knock-down time (Huey et al. 1992 ) (mean SE) at 40.0°C in the afternoon (13.30±16.30) and in the evening (19.00±22.00) of the lowland, warm-adapted (Catamarca) and the highland (Tilcara) D. buzzatii populations collected in 1997. The experimental periods correspond to the main activity periods of the two populations (Catamarca: early evening; Tilcara: afternoon) measured as activity in the ®eld and peak egg-laying in the laboratory . The Catamarca population is not active until just before sunset. This behaviour is an adaptation to a warm climate, as activity during the day would likely be hazardous .
In the second experiment, an independently collected warm-adapted lowland population was tested to verify the observed pattern. Knock-down time (mean SE) at 40.8°C of the lowland, warm-adapted population (Chumbicha) after displacement of the physiological clock by light was measured. The population from Chumbicha was split into two lines (A and B) each kept in eight vials (10 pairs per vial). In each generation, adults within lines were mixed across vials. The lines were maintained under similar conditions at 25°C, except for the timing of the light periods, with line A experiencing light from 08.00 to 20.00 and line B from 02.00 to 14.00. After eight generations under the different light regimes, knock-down resistance in the two lines was tested between 13.00 and 16.30. The asynchronous rhythm of the two lines allowed simultaneous testing of knock-down resistance during non-active (afternoon) and active (evening) periods. The knock-down times were log (10) transformed as the variances were larger than the means.
R E S U L T
The mean knock-down times from the ®rst experiment are presented in Fig. 1 . In a full model ANOVA, knock-down resistance of population (F 1,24 173.8, P < 0.001) and testtime (F 1,24 4.8, P 0.039) were signi®cant. Subsequently, the populations were analysed separately as the large difference between populations might mask small effects. For the warm-adapted, lowland population knockdown resistance of both males and females was higher during the early evening (activity period) than in the early afternoon (test-time effect: F 1,12 14.6, P 0.005). All remaining factors and interactions were non-signi®cant. No factors were signi®cant in the test of the highland population.
The mean knock-down times for the lowland¯ies that experienced a photoperiod shift are presented in Fig. 2 . Two groups had experienced light rhythms comparable to either A (early afternoon) or to B (early evening) when tested. In this lowland population early evening (B) corresponds to an active period, whereas early afternoon (A) corresponds to a non-active period. Knock-down resistance was higher in group B, which was tested during an active period and only light regime had a signi®cant effect on knock-down time (treatment effect: F 1,8 14.7, P 0.005; sex effect: F 1,8 1.44, P 0.26; treatmentś ex effect: F 1,8 0.078, P 0.79).
D I S C U S S I O N
In both experiments, males and females from the warmadapted, lowland populations had signi®cantly increased resistance during the active period in the early evening. Knock-down resistance was not affected by light period, i.e. between early afternoon and early evening, in the highland population.
The increase in knock-down resistance to high temperature in the lowland populations coincides with the observed ®eld-and laboratory period of activity . Individuals from these populations start to be active when shade air temperature drops below approximately 32°C, the threshold temperature above which the heatshock protein Hsp70 is highly up-regulated in these populations . During summer this typically occurs in the early evening. Shade air temperatures around noon and in the early afternoon often exceed harmful levels (above 40°C) (Sùrensen et al. 2001 ). Therefore,¯ies must ®nd hiding places where temperatures are below ambient during this period of the day. We consider it likely that active¯ies during early evening experience higher body temperatures than inactive and hiding¯ies during early afternoon. It would be adaptive if the period of feeding and mating activity could be extended, which could be accomplished by raising stress resistance and thus being able to tolerate activity at higher temperatures than otherwise possible. The highland population probably experiences high temperatures too infrequently to make such daily changes adaptive.
The physiological mechanisms responsible for the increase in knock-down resistance during the activity period of the warm-adapted, lowland populations are unknown. Hsps are often involved in increased stress resistance (Gething & Sambrook 1992; Feder & Hofmann 1999) , but the major and best-known Hsp in Drosophila, Hsp70, probably plays a minor role in knock-down resistance (Sùrensen et al. 2001) . Others, such as Hsp68 and Hsr-Omega, however, might be involved in knock-down resistance (McColl et al. 1996; McKechnie et al. 1998) . Factors like membrane lipid composition (Hazel 1995) , sugar or polyol concentration (Hendrix & Salvucci 1998) and metabolic rate (Hoffmann & Parsons 1997; Wilson 2001 ) also are involved in temperature tolerance and could contribute to the regulation of knock-down resistance.
The experiments were done using a 12/12 h light/dark cycle, so that only time of lights on (and not photoperiod) was shifted. The photoperiod does not correspond perfectly to natural light conditions during peak summer. That the simulated day-length of 12 h is less than that during the hottest time of summer (maximum photoperiod around 14 h) should not pose a problem for our hypothesis that resistance increase is adaptive. The variation in day-length is relatively small, which means that temperatures in the natural habitats during a photoperiod of 12 h still can be stressful and therefore an important factor for adaptation Sùrensen et al. 2001) .
The diel heat-tolerance changes should re¯ect thermal adaptation since the pattern was present in adults from two warm-adapted, lowland populations but not in adults from one highland population. The timing of the resistance change was controlled by light, suggesting that the resistance change is tied to the physiological clock. The increase was independent of environmental cues other than light, and is therefore different from the well-known acclimation or hardening phenomenon. The observations reported here add environmental stress resistance to the range of physiological traits controlled by circadian rhythm. The results underline that caution should be taken when comparisons are made between experiments or populations. It is important to take into account the period of the day or year the experiments were done and the genetic background, selection history or climate of origin of populations, especially when trying to detect adaptation to natural conditions. 
